To assess mitral annulus dynamics in primary and secondary mitral regurgitation (MR) with 3-dimensional transesophageal echocardiography (3D TEE) and the impact on MR quantification. 
Introduction
Mitral regurgitation (MR) is the second most prevalent valve disease in Europe. 1 It can either be caused primarily by degenerative changes of the valve which may lead to excessive motion of the leaflets, or secondary to structural abnormalities of the left ventricle that restrict the motion of the leaflets causing functional MR (FMR). 2 So far, studies have focused on the mechanisms of leaflet malcoaptation that lead to significant MR but the dynamics of the mitral valve annulus in each aetiology of MR have not been extensively evaluated. 3 The characteristic dynamics of a healthy mitral annulus have an important role in reducing stress exerted by left ventricular forces on the mitral leaflets. 4, 5 In FMR, the annulus is more rigid as compared with structural and functionally normal valves whereas in primary MR the annulus is more flexible and dynamic. [6] [7] [8] [9] However, little is known about differences between fibroelastic deficiency (FED) and Barlow's disease (BD) which both encompass primary MR. 10 It remains unclear whether FED and BD are part of a spectrum or are different phenotypes. In addition, the impact of pathological mitral annulus dynamics per aetiology on MR quantification has not yet been sufficiently studied. Dedicated post-processing software that permits analysis of 3D transoesophageal echocardiography (TEE) datasets of the mitral valve have shown differential characteristics of the mitral annulus dynamicity in FMR and primary MR compared with healthy valves. [6] [7] [8] [9] 11 Additionally, using 3D colour Doppler TEE data, accurate quantification of MR has been shown. 12 Accordingly, the aims of the present study were to characterize mitral annulus dynamics in patients with moderate and severe MR because of FMR, FED, and BD and to evaluate the impact of these dynamical differences on MR quantification.
Methods Patients
A total of 123 patients with moderate and severe MR, who underwent clinically indicated 3D TEE were included. Patients were divided into three groups according to the pathophysiology of MR: FMR (n = 31), FED (n = 52), and BD (n = 40). FMR was defined as impaired leaflet coaptation because of regional or global left ventricular remodelling causing tethering or restriction of structurally normal leaflets. 13 FED was defined as thin excess tissue limited to a prolapsing segment of a mitral leaflet. BD was defined as multi-segment leaflet prolapse with diffuse thickening and excessive tissue. 13, 14 Additionally, a control group of 29 patients with structural and functionally normal mitral valves were included. Patients with rheumatic heart disease, previous bacterial endocarditis, associated connective tissue disorders, hypertrophic cardiomyopathy, and extensive mitral annulus calcification were excluded. The clinical characteristics were collected in the departmental cardiology information system (EPDVision; Leiden University Medical Center, Leiden, The Netherlands) and retrospectively analysed. The institutional ethical committee approved this evaluation and waived the need for patient written informed consent for retrospective analysis of clinically collected data.
3D transoesophageal echocardiography data acquisition
All patients underwent 3D TEE using commercially available ultrasound system (E9; GE Vingmed Ultrasound AS, Horten, Norway) equipped with a 4D transoesophageal matrix array probe. 3D full volume of the mitral valve was acquired adjusting the sector width and depth to the mitral valve annulus. Multi-beat acquisition during breath-holding was preferred to maximize volume rate while keeping high spatial resolution. In patients with an irregular rhythm or unable to hold their breath, a 1-beat 3D dataset of the mitral valve was acquired. 3D colour Doppler data of MR was acquired using multi-beat mode acquisition optimizing volume rate and spatial resolution. The 3D datasets were exported to an offline workstation (EchoPAC version 112.0.1; GE Vingmed Ultrasound AS) for image analyses.
3D transoesophageal echocardiography data analysis
Mitral valve apparatus geometry and mitral valve dynamics were evaluated using dedicated software (4D MV Assessment, 2.2, TomTec Imaging systems, Munich, Germany). Identification of the end-diastolic frame was based on mitral valve closure, and the end-systolic frame was demarcated as the frame prior to mitral valve opening. Landmarks were placed on the anterior and posterior points of the mitral annulus and the coaptation point. The software semi-automatically tracked the landmarks in all frames during the cardiac cycle in order to create a dynamic 3D mitral model. The software permits overriding of the tracking with manual adjustments when needed. After approval of the tracking, the software provides several measurements of the mitral valve geometry at early-, mid-, and late-systole: anterior-posterior (AP) diameter, commissural width, annulus circumference, annulus area, non-planar angle, and annulus height at early-, mid-, and late-systole ( Figure 1) . Additionally, the annulus height to commissural width ratio (AHCWR) was calculated at early-, mid-and late systole to characterize the saddle shape changes of the mitral annulus. Early-systole was defined at mitral valve closure, mid-systole as half of the entire systole and late systole as the frame prior to mitral valve opening.
Quantification of mitral regurgitation
Quantification of MR was assessed using 2D and 3D colour Doppler TEE data. From 2D TEE data, the proximal isovelocity surface area (PISA) was used to calculate the effective regurgitant orifice area (EROA) and the regurgitant volume (Rvol). 2 Using 3D colour Doppler TEE data, the EROA was measured from multi-planar reconstructions. The frame with the largest regurgitant jet was selected. The multi-planar reformations were set to obtain the cross-sectional plane through the vena contracta perpendicular to the jet direction. The EROA was planimetered as previously described. 12 The Rvol was calculated by multiplying the 3D EROA by the velocity time integral of the mitral regurgitant jet on continuous wave Doppler recordings. In addition, the timing of MR was defined on colour M-mode or continuous wave Doppler data of the regurgitant jet and MR was divided into holosystolic or late-systolic ( Figure 2) .
Statistical analysis
Statistical analysis was performed using the Statistical Package for Social Science (SPSS) software version 20.0 (IBM, Armonk, NY, USA). Continuous variables are reported as mean ± standard deviation and were analysed using one-way analysis of variance. Categorical variables are reported as frequencies and percentages and were analysed using the v 2 test. Multi-variate analysis of variance was performed to compare early, mid-and late-systolic measurements within each group and the dynamic changes across all groups. Linear mixed model was used to compare 2D vs. 3D EROA and Rvol within groups and univariate analysis of variance was used to assess the differences between the groups. To assess the effects of annular dynamics on 3D Rvol, the relative change in mitral annulus dimensions was calculated from early-to late-systole and tested in univariate linear regression analyses. The intra-class correlation coefficient was calculated to assess the inter-and intra-observer variability. P-values <0.05 were considered statistically significant.
Results

Patients
Patient characteristics are summarized in Table 1 . Patients with BD were significantly younger than controls and patients with FMR and FED. Patients with FMR had significantly more frequently associated cardiovascular risk factors, used more often heart failure medication and showed significantly decreased left ventricular ejection fraction compared with the other groups. Except for age, patients allocated in the FED and BD groups were comparable for demographics and clinical characteristics. 
3D analysis of the mitral valve
3D parameters of the mitral valve for all groups are shown in Table 2 . At early-systole, patients with FMR, FED, and BD displayed significantly larger AP diameters, commissural widths, annular circumferences, and areas compared with controls ( Table 2) . Among patients with MR, patients with BD showed the largest dimensions of the mitral annulus while there were no differences between patients with FMR and FED. The saddle shape of the mitral annulus at early-systole was flatter among FMR patients compared with controls as shown by significantly more obtuse non-planar angle and lower AHCWR. In contrast, patients with FED showed similar mitral annulus configurations as controls, whereas, patients with BD showed more pronounced configurations of the saddle-shape as shown by a significantly more acute non-planar angle and higher AHCWR ( Table 2) . Throughout systole, controls showed a gradual expansion of AP diameter, annulus circumference and area (Table 2; Figure 3 ). However, there were no changes in commissural width. As for saddle-shape configuration, the annulus height and AHCWR increased at mid-systole and decreased at late-systole whereas the non-planar angle became slightly more acute at mid-systole and subsequently flatter at late-systole. These changes were also observed in patients with FMR. However, the dynamics of the mitral annulus were less pronounced than in controls suggesting reduced motility of the mitral annulus. In contrast, patients with FED demonstrated significantly larger expansion of AP and commissural diameters, annulus circumference and area during systole compared with controls. Changes in saddle-shape configuration of the mitral annulus were more pronounced in FED compared with controls, particularly at late-systole suggesting a more dynamic mitral annulus. Finally, patients with BD showed similar changes in mitral annulus dimensions throughout systole as patients with FED, but commissural width and mitral annulus area were significantly larger at late-systole. The saddle-shape of the mitral annulus in patients with BD showed similar changes as those observed in patients with FED ( Table 2) .
3D mitral regurgitation quantification
In the overall population, the mean EROA and Rvol measured with 2D TEE were significantly smaller compared with those obtained with 3D TEE (38.46 ± 17.88 vs. 46 .29 ± 22.84 cm 2 ; P =0.001 and 54.80 ± 23.44 mL/beat vs. 64 .02 ± 24.82 mL/beat; P = 0.004, respectively).
Quantification of EROA and Rvol for each group is shown in Table 3 . In patients with FMR and FED, there were no significant differences between 2D and 3D quantification of MR. In contrast, patients with BD had a larger EROA and Rvol measured with 3D TEE compared with 2D 47 .41 ± 20.25 mL/beat, P < 0.001). These differences were also observed in BD patients with holosystolic MR (EROA: 48.57 ± 18.82 mL/beat vs. 40 .09 ± 21.28 mL/beat, P = 0.038; Rvol: 68.10 ± 20.33 mL/ beat vs. 54.70 ± 25.40 mL/beat, P = 0.021).
Effects of annular dimensions on MR quantification
The relative change from early-to late-systolic annular height and AHCWR were significantly associated with 3D Rvol in FED and BD patients (b: 0.43, 95% CI 0.10-0.76, P = 0.011 and b: 0.40, 95% CI 0.06-0.75, P = 0.024 respectively; Table 4 ). However, in patients with FMR, the changes in mitral annulus parameters across the cardiac cycle were not significantly associated with 3D Rvol.
Intra-and inter-observer variability
Intra-and inter-observer reproducibility for the 3D measurements were excellent with intra-class correlation coefficients ranging from 0.70 to 0.95 and 0.71 to 0.82, respectively ( Table 5) .
Discussion
The present study demonstrated the different dynamics of the mitral annulus across several mechanisms of MR. Compared with FMR, where the mitral annulus shows impaired dynamics, the mitral annulus of FED and BD is characterized by enhanced dynamics. Furthermore, quantification of MR with 3D TEE led to significant 
Mitral annulus dynamics and MR phenotype
Previous studies assessed the dimensions and dynamics of the mitral valve in various clinical conditions by the use of 3D modelling. [6] [7] [8] [9] [10] [11] 15 Our findings are consistent with previous studies reporting that in healthy mitral valves, the annulus is rather flexible and is influenced by left ventricular forces. During left ventricular contraction the mitral annulus folds from early-to mid-systole, increasing its saddle-shape configuration, and gradually expands back during late systole to its diastolic state. 6, 8, 11 It has been hypothesized that these characteristic mechanics alleviate stress on the leaflets caused by left ventricular contraction. 4, 5 However, in MR, the dynamics of the mitral annulus change having an impact on MR quantification and important therapeutic implications. In FMR, left ventricular remodelling and dysfunction impair the dynamics of the mitral annulus which can no longer compensate and relieve stress on the leaflets. The annulus dilates, becomes stiff and leaflet coaptation fails. 16 Multiple studies using 3D modelling have shown that in FMR the dilated mitral annulus has lost its flexibility, its contraction at early-systole is less pronounced or absent and a loss of compensatory saddle-shape configuration during contraction occurs. 6, 7, 9, 17, 18 The present study also showed a rigid, flattened mitral annulus in FMR patients compared with normal valves and organic MR. Although FED patients showed dilatation of the mitral annulus comparable to that of FMR, the dynamics through the cardiac cycle are completely opposite. In FED patients, the mitral annulus is more flexible and more influenced by left ventricular forces. Clavel et al. 10 evaluated the dynamics in 33 patients with FED using 3D TEE and showed that the mitral annulus saddle-shape configuration is more pronounced at early-systole, as indicated by early reduction in AP diameter. In contrast, commissural width remained unchanged along the systole whereas annulus height and AHCWR increased suggesting additional mechanisms that maintain an enhanced saddle-shape of the mitral annulus throughout systole in this group of patients. The results of the present study showed that the AP diameter, commissural width and annulus area increased along the systole whereas annulus height and AHCWR increased at early-systole and decreased at late systole. This suggests enhanced dynamics of the mitral annulus. Finally, in BD patients, the dimensions and dynamics of the mitral annulus were significantly larger compared with controls and patients with FED. Particularly, BD patients showed a characteristic late systolic overexpansion of commissural width leading to an exaggerated flattening of the mitral annulus at late systole. These results are consistent with the findings of Clavel et al. 10 However, the influence of 
Mitral annulus dynamics and MR quantification
Better understanding of the dynamics of the mitral annulus may help us to characterize MR. Khabbaz et al. 9 showed that in patients with FMR, the vena contracta measured with 2D echocardiography was significantly correlated with mitral annulus dimensions at all points during the systole. Of note, vena contracta is a less pressuredependent measure of MR severity. Therefore, it may show strong correlations with geometrical parameters of the mitral annulus in FMR because the mitral annulus is more rigid and less dynamic compared with controls or patients with primary MR. In contrast, Rvol, a parameter influenced by loading conditions, may not correlate with mitral annulus dimensions. In the present study, conventional 2D and 3D assessment led to comparable EROA and Rvol in FMR which both indicate severe MR. The mitral annulus geometry remained unchanged throughout the systole in this group of patients resulting in a rather fixed EROA. If no changes in loading conditions occur, the Rvol will remain unchanged using 2D or 3D assessment. Similarly, for FED patients, quantification of MR was not different between 2D and 3D techniques. Although in patients with FED, the mitral annulus dimensions are larger compared with controls, the dynamic pattern of the mitral annulus is comparable to controls suggesting that the failure of coaptation because of annulus dilatation and flail may be the main determinants of EROA and Rvol. In contrast, in BD patients, 2D analyses underestimated MR when compared with 3D measurements resulting in more severe MR. Furthermore, increased dynamics of the annulus height and AHCWR were significantly associated with the amount of 3D Rvol in FED and BD patients. This suggests that enhanced dynamics of the mitral annulus in BD patients at late systole causing pronounced flattening, increased dimensions and failure of leaflet coaptation may not be captured by conventional 2D analysis. The dynamic assessment of 3D geometry of the mitral annulus permits accurate measurements of the maximum EROA and derivation of the Rvol.
Clinical implications
Accurate assessment of MR including mechanism and quantification are pivotal for decision making in patients with significant MR. Current recommendations include severity of MR and its effects on left ventricular dimensions and function and left atrium dimensions together with symptoms to decide the timing of surgery. 2, 13 The results of the present study show that the assessment of the mitral annulus may have important clinical implications. The dynamics of the mitral annulus differ significantly across the different mechanisms of MR (FMR, FED, and BD) and have important implications for MR quantification. Particularly in patients with BD, 2D techniques may not capture the dynamics of the mitral annulus and underestimate MR. In contrast, 3D imaging techniques have shown to have an impact on quantification of MR in this group of patients. Whether standardization of MR quantification with 3D TEE may lead to earlier referral to surgery or not, remains to be elucidated in further studies. Furthermore, better understanding of mitral annulus dynamics may result in the development of surgical techniques aiming to restore the normal dynamics of the annulus to maintain normal leaflet stress. In BD, reduction of the dynamics of the mitral annulus by fixating the commissural width and preserving the dynamics of the AP diameter may be ideal. However, additional studies addressing these issues are necessary. The use of cardiac simulators reproducing the different mitral annulus dynamics that may be encountered in clinical practice may help the development of personalized surgical rings. 19 
Limitations
The present study did not include magnetic resonance imaging for assessment of MR. However, previous studies have shown the accuracy of 3D TEE for MR quantification compared with magnetic resonance. 12 The measurements of the mitral annulus dynamics were performed with a dedicated post-processing software. Whether these results are reproducible using another vendor was not evaluated. 10 The correlations between changes in mitral annulus geometry across the cardiac cycle and the 3D Rvol in FED and BD patients suggest an influence of annulus dynamics on MR quantification. However, their integration into standardized MR quantification may need advanced modelling. Therefore, the present study should be considered as a hypothesis generating study and the current results need additional validation.
Conclusions
The mitral annulus is enlarged and stiff in FMR patients, whereas in both FED and BD it is characterized by excessive flexibility and motion during systole. Enhanced annular dynamics may lead to significant changes in grade of MR, particularly in the group of patients with late onset MR, when quantified with 3D TEE.
